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DESCRIPTION AND ORIGIN OF CARBONATE NEIERALS IN THE 
UPPER. AND LOWER CHER.TY ?•IF1'-fBERS OF THE :BIWABIK 
FORE,\.TION, HI:l:\1{ESCTA 
Leslie R. Honeyman, Master of Science 
The University of North Dakota, 1973 
Faculty Advisor: Professor Frank Karner 
This study was done for the Erie Mining Company after periodic 
problems with the quality of pellets from taconite of the Biwabik Fonna-
tion had been linked to the presence of carbonate minerals. The carbon-
ates fouad in the cherty members of the Precambrian Biwabik Formation 
are predominantly side~ite, ankerite, and calcite. Siderite is the 
only primary carbonate mineral and occurs in three forms: microgran-
ular, granular (oolitic), and crystalline aggregates (recrystallized). 
Ankerite is a secondary mineral occurring as crystalline aggregates 
and alteration rims on granular siderite. Calcite is found only in 
fractures and fault zones. Siderite formed from the original precip-
itate and early in the diagenetic history of the rock. The alteration 
of siderite to fine-grained, euhedral magnetite appears to be the major 
part of the pellet-quality problem at Erie. The fine-grained magnetite 
causes small amounts of siderite to be incorporated with magnetite in 
the magnetic separation process. This siderite breaks down when the 
pellet is roasted and carbon dioxide is given off causing the pellet 
to disintegrate. Ankerite formed in two periods: the ankerite rims 
on siderite granules formed early in epigenesis and the crystalline 
ankerite formed much later, Calcite formed late in the epigenetic 
l 
history of the formation. It appears that the carbonates of the cherty 
members of the Biwabik :b'ormation can be used as indicators of an envi-
ronment of deposition having reducing conditions and as indicators of 
the extent of metamorphism caused by the intrusion of the Duluth Gabbro. 
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This study was done. for the Erie Hining Company after periodic 
problems with the quality of pellets from taconit2 of the Biwabik Forrr.~-
tion had been linked to the presence of carbonate minerals. The. carbon-
ates found in the cherty members of the Precambrian Biwabik Formation 
are predominantly siderite, ankerite, and calcite. Siderite is the 
only primary carbonate mineral and occurs in three forms: nicrogran-
ular, granular (oolitic), and crystalline aggregates (recrystallized). 
Ankerite is a secondary mineral occurring as crystalline aggregates 
and alteration rims on granular siderite. Calcite is found only in 
fractures and fault zones. (siderite formed from the original precip-
itate and early in the diagenetic history of the rock. The alteration 
of siderite to fine-grained, euhedral magnetite appears to be the major 
part of the pellet-quality problem at Erie. The fine-grained magnetite 
causes small amounts of siderite to be incorporated with magnetite in 
the magnetic separation process. This siderite breaks down when the 
pellet is roasted and carbon dioxide is given of£ causing the pellet 
to disintegrate. Ankerite formed in two periods: the ankerite rims 
on siderite granules formed early in epigenesis and the crystalline 
ankerite formed much later. Calcite formed late in the epigenetic 
history of the formation. It appears that the carbonates of the 
cherty members of the Biwabik Formation can be used as indicators 
of an environment of deposition having reducing conditions and as 
indicators of the extent of metamorphism caused by the intrusion 
of the Duluth Gabbro. 
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INTRODUCTION 
This study was done for the Erie. Hir1ing after periodic 
problems with the quality of pellets from taconite of the Biwabik. For--
matio.::1 h2.d been linked to the presenc2. of carbon.:cte minerals. The 
purpose was to determine the of carbonate minerals present, the 
relationships of the carbonate minerals to each other, and ultimately 
to the environ.,.~ent of deposition of the taconite. 
The area of study is the Erie Mining Company property, extend-
ing from the western edge of Area 1, just north of Aurora, 1'1innesota, 
to the eastern edge of Area 8, along the western edge of Birch Lake, 
where the Duluth Gabbro Complex transects the Biwabik Formation 
(Figure 1). 
Vertical and lateral differences in carbonate mineralogy were 
studied in four geologic zones within each of the two cherty members 
of the Biwabik. Carbonate minerals have been altered to various sili-
cates, oxides, and other carbonate minerals; the difference in carbon-
ate minerals is critical in its effect on pellet quality of the high-
vollli~e taconite reining operations. 
A better understanding of the carbonate mineraology and occur-
nmce will lead to a better interpretation of the depositional environ-
ment of the iron-fonnation and the geologic history of the Precambrian 
Era. 
1 
2 
Fig. 1.--Location and geologic map of study area modified 
from Erie (1967). 
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General 
The Biwabik Formation is underlain by the Pokegama Quartzite 
Forrr.ation and is overlain by the Virginia Slate Formation. The 
Biwabik Formation is considered to be late Precambrian in age and 
has been dated from 1,7 to 2.0 x 109 years before present (Goldich 
and others, 1961). The detailed stratigraphy of the Biwabik Forma-
tion have been incl.uded by Wolff (1917), Gruner (1924, 1946), Grout 
and others (1951), White (1954), and Gunderson and Schwartz (1962). 
The Biwabik Formation is divided into four members, in 
ascending order.: The Lower Cherty, Lower Slaty, Upper Cherty and 
Upper Slaty Members. Each of the members is divided into several 
layers (Gunderson and Schwartz, 1962) (Figure 2). The Upper and 
Lower Cherty Memb2rs are the primary ore zones and are the members 
of interest in the carbonate study. These members are described 
from the lowest layer upward. 
The members of the Biwabik Formation have been divided into 
a series of layers that are recognized by most workers in the eastern 
Mesabi district. The units are referred to as "submembers 11 by some 
workers, but they will be referred to as "layers" in this paper. 
The description of the members were taken primarily from 
Gunderson and Schwartz (1962) and the Erie Mining Corn.pany (1967). 
The descriptions 
from drill cores. 
the layers within the members were determined 
4 
s 
Fig, 2. column for the Eastern ·Mesabi Range from 
Erie (1967). 
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In the io11s a o~ mineral must mPKe uo more 
tha11 10 pe1 .. c,er1.~ of th.,2 rock.. .1.\. L:1I:.or -r;:.ineral m~.1-:::.!s u.p lt}ss tl12..n 10 
per cent. The members are described from the lowest , strat 
raphica1ly, upward. 
rrhe Lo~ver Che_ l·!ember contains magnetiferous chert 'with dif-
fering amounts of the carbonate minerals siderite, ankerite, and cal-
cite and iron silicates minnesotaite, stilpnomelane) and chamosite. 
The member is generally 40 to 50 m thick. The Lower Cherty Member is 
divided into layers: V, U, T, S, and R (Gunderson, 1958) and is 
generally 40 to m thick. 
The lo,-;er contact of the Lower Ch2.rty Member with the Pokegama 
Formation marked by a 0.25 to 1 m conglomeratic zone. The conglom-
erate is co1:1posed of chert, magnetite, and hematite pebbles in a chert 
matrix. The conglom2ratic zone is often referred to as the "basal 
conglomerate" or W layer of the Lower Cherty Member. 
Layer Description 
V The major part of this unit is ch2rt 
with thiti. beds of slate. Conglomer-
atic beds of magnetite and hematite 
pebbles are found in the chert zones. 
The presence of minnesotaite, stilpno-
melane and chamosita give part of 
chert zones a color. Siderite 
is closely associated with dissemi-
nated magnetite. This unit is 
slightly magnetic and ranges in 
thickness from 1 to 2 ra. 
chert 
magnetite 
hematite 
Mineralogy 
Ninor 
minnesotaite 
stilpnomela:.1e 
chamosite 
siderite 
8 
U This unit is a magnetite-rich chart. 
The bedding is horizontal with mag-
netite interbedded with chert and 
iron silice..tes. The lower part of 
the unit may contain some slate 
with thin, maroon colored beds of 
jasper. Carbonate minerals occur 
as variable beds and lenses. The 
unit is moderately magnetic and 
ranges from 1 to 3 min thickness. 
T This is an interbedded magnetite-rich 
chert zone. It has wavy to blotchy 
magnetite beds. The magnetite beds 
have indefinite boundaries grading 
into the intermediate chert beds. 
Carbonate material occurs as mot-
tled zones with minor amounts of 
calcite and ankerite. This unit is 
highly magnetic and ranges from 0.5 
to 1 min-thickness. 
S This unit is a granular, interbedded, 
magnetite-rich chert with magnetite 
occurring as granules in distinct 
beds. Closely associated to the 
magnetite are irregular beds and 
lenses of pink and brown siderite 
and ankerite. Minnesotaite is closely 
associated with the magnetite with 
fibers radiating outward from the 
magnetite. This layer is highly 
magnetic and ranges in thickness 
from 1 to 3 m. 
R This unit is an interbedded magnetite-
rich chert. The magnetite occurs in 
widely spaced beds in a chert and iron 
silicate matrix. The chert zones have 
been altered to ferroan amphibole and 
fayalite giving the chert a green 
color. The carbonates occur in the 
lower 2 meters of this unit. This 
unit ranges from slightly to highly 
magnatic and ranges in thickness from 
1 to 6 m. 
magnetite 
chert 
ferroan-
hypersthene 
grunerite 
magnetite 
chert 
siderite 
magnetite 
chert 
siderite 
magnetite 
chert 
iron sili-
cates 
siderite 
ankcrite 
chamoslte 
ankerite 
calcite 
minnesotaite 
stilpnomelane 
grunerite 
chamosite 
ankerito 
minnesotaite 
cum.'11lingtoni te 
fayalite 
siderite 
ankerite. 
fayalite 
ferroan amphi-
bole 
9 
The I..01:,;rar ]Yl2.mber is 
unit is and is charact9rized by th~n-bedded, black slate 
(argillite). The upper boundary as described by Gunderson and Schwartz 
(1962) is 11 ••• the appearance of abundant magnetite-rich beds or 
granule structures the well defined, bedded quartzose pre-
sumed to belong wi .:hin the Upper Ch,~rty Member. 11 The upper contact 
with the Lower Slaty is at.the base of the Q layer of the Lower Slaty 
}fembar. The Q layer is kncnro as the !!Intermediate Slatet1 and is trace-
able throughout the Mesabi Range, The Q layer contains nor.magnetic> 
t~.lnly bedded, black slate with small fractures filled 1;,;rith pyrite, 
quartz, or calcite. 
This unit has been divided into two laye.rs, the Q and P, which 
are similar to the Interrnediate Sl-'lte. 
Layer 
Q This unit is black to dark gray, 
fine-grained argillite. The rock 
appears massive \vith indistinct 
bedding. The rock contains small 
fractures containing sulfides and 
carbonates. This layer is non-
magnetic to slightly magnetic and 
ranges in thickness from 5 to 10 m. 
P This unit is a bl~ck slate with the 
iron silicates making up the bulk of 
the rock. CUiTu'1lingtonite occurs as 
both acicular and prismatic grains. 
This unit shows evidence of metamor-
phism with relic granule structure 
still evident. The unit is slightly 
magnetic and ranges irt thickness from 
4 to 12 m. 
Mineralogy 
Major Minor 
ferroan-
hypersthene 
chert 
ferroan-
hyparsthene. 
chert 
cummingtonite 
fayalite 
biotite 
pyrrhotite 
pyrite 
calcite 
magnetite 
fayalite 
cumm.ingtonite 
10 
}fember. 
The Upper Cherty Hember is di:vide.d into the. following 
O, I1, L, K, J, I, 2nd H. Generally these l2.y2rs cont::ain pebbles of 
locally derived ccnglomeratic quartz and have thin beds rich in rJ.a;:;-
netite. The chert layers a.re much thicker than in the other r:::.err.oers 
of the formation. The chert has distinct bedding and relic granule 
structure throughout. This member is cut by a diabase sill that is 
1.5 m thick. This sill is believed to be related to the intrusion 
that formed in the Duluth Gabbro Complex. The average thickness of 
the unit is about 60 m thinning to the east. The upper contact is 
recognized by the disappearance of magnetite beds and the appearance 
of nonmagnetic slate (argillite) beds. 
0 
Description 
This unit is an interbedded magnetite-
rich chert with a considerable amount 
of magnetite granules present. Chert 
occurs as thick zones separating mag-
netite beds. Within the chert zones 
are pebbles of magnetite. The base 
of this unit is marked by a thin con-
glomerate. The layer is moderately 
magnetic and ranges from 3 to 5 min 
thickness. 
M This unit is a bedded magnetite-rich 
chert. The magnetite occurs in wa~rf 
distinct beds. Some granular struc-
ture is present, the granules contain 
fine-grained magnetite, chert, and 
minnesotaite. Minor amounts of sid-
erite are closely associated with the 
granular zones. The unit ranges from 
slightly to highly magnetic and is 2 
to 6 m thick. 
Mineralogy 
Minor 
magnetite 
chert 
siderite 
magnetite 
chert 
minnesotaite 
cuiraningtonite 
ankerite 
minnesotaite 
fayalite 
stilpnome.lane 
11 
L This ttnit is a ~-:ra-.r/ b 2.dd 2d, magnetite 
rich chert with te occurring as ch2rt 
sharply-de.fin2.d, wz.vy beds. This unit si<lerite 
is similar to the units above and 
below it, but is slightly less pebbly 
than the ove-rlyir.g K and is dis-
tinctly less pebbly than the und,2-rlying 
M layer. This unit is highly magnetic 
and the thickness ranges from 2 to 5 m. 
K This unit is a ·wavy bedded, magnetite-
rich chert,· '.rhis is transacted by a 
diabase sill with the part of the unit 
balow the sill referred to as the K'. 
The magnetite occurs in distinctly td 
gradationally bedded zones. The unit 
is slightly conglomeratic with the 
interbe.dde.d magnetite and chert zones 
being closely spaced in the upper part 
of the unit a:i.d more widely spaced ·in 
the lower p~rt. Siderite occurs in 
close association with euhedral mag-
netite and anke:;:-ite. The layer is 
moderately magnetic and ranges in 
thickness from 3 to 5 m. 
J This unit is magnetite-rich chert 
with wavy bedded, granular magnetite 
interbedded with chert and ferroan 
silicates. Side.rite is found in 
mottled zones altering to minnesota-
ite and stilpnomelane. The central 
part of the unit is characterized by 
magnetite-rich pebbles and intra-
clasts of an intraformational con-
glomerate. This layar is highly 
magnetic and ranges in thickness 
from 1 to 3 m. 
I This unit is characterized by the 
presence of algal structures. Also 
found within this zone is a minor 
amount of conglomerate. The algal 
structures are outlined by dissemi-
nated, fine-grah1ed magnetite and 
jasper. This layer is slightly mag-
netic and ranges in thickness from 
t\ r:: ,_.,... ,., ....... 
magnetite 
ch12:rt 
siderite 
magnetite 
chert 
ferroan-
hyparsthene 
gru:1erite 
magnetite 
chert 
jasper 
minr:esotz.ite 
aDkerite 
minnesotaite 
stilpnomelane 
siderite 
minnesotaite 
stilpnomelane 
ankerite 
siderite 
1? 
-'--
H This unit is 2. wavy bedded, magnetite- ms.g1;.etit2 
rich chert with yellow to darl:: green chert 
amphibole lages occurring in actinolite 
thin, fine-grained layers amo~g the hornblande 
magnetite-rich zones of the unit. The 
magnetite consists of fine-grained 
zones of irregularly bedded lenticular 
lamellae. The magnetite zones cccur 
as groups of closely spaced beds inter-
layered with actinolite and hornblende. 
This unit is highly magnetic and ranges 
in thickness from 2 to 5 m. 
G This unit is a magnetite-rich chert 
with the magnetite occurring in 
indistinctly bedded, granular zones. 
The i:r.agnetite is interbedded with 
abundant hematite and iron silicates 
in a chert matrix. This unit is 
highly magnetic and ranges in thick-
ness from 3 to 6 m. 
magnetite 
hematite 
Member 
CUTI1Tilin3to::" .. l t2 
. ; .. 
siaer:ir:e. 
fayalite 
ferroan-
hypersthene 
The Upper Slaty Member has been. divided into six layers: F, E, 
D, C, B, and A. The contact between the Upper Cherty and the Upper 
Slaty Members is marked by the gradational increase in the amount of 
bedding. The thinly bedded zones become thicker, more regularly bedded, 
and more numerous (Gunderson and Schwartz, 1962). 
The average thickness of the Upper Slaty Member is about 35 to 
40 m. This member contains less magnetite than the Upper Cherty Hember 
although it has a relatively high magnetite content. The extremely 
small grain size of the magnetite and its intimate association with 
chert and iron silicates makes present economic utilization of this 
member impossible. 
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Desc; 
F This unit has thici<:, regularly bedded magnetite siderit:e 
zon2s of e, which cuar:ningtonite 
are se?arated by thin zones of granu- chert 
lar c:-iert. It is slightly 
a.nd in thickness from 2 to 5 m-
E This unit is a e-rich che·ct. magnetite 
It contains numerous magnetite-bearing chert 
granular structures and some magnetite-
D 
C 
laminated zones. Presence of quartz-
ose, septarian structures is charac-
teristic of this unit. The unit is 
moderately magnetic and ranges in 
thickness from 2 to 4 m. 
This unit is an evenly bedded magnet-
ite-rich chert with the magnetite 
occurring as thin stringers. The 
chert zones have small amounts of 
iron silicates, which make the rock 
a distinctive green. The unit is 
slightly magnetic and ranges from 
1 to 2 m. 
This unit is p::edominantly chert. 
The predominant characteristic is 
alternating slate (argillite) zones 
and chert zones. Magnetite occurs 
as thin layers. Many silicates are 
associated with this layer. The unit 
is slightly magnetic and ranges from 
1 to 2 min thickness. 
B This unit is nonmagnetic and consists 
of irregularly bedded masses of pyro-
xene and am:phibole. This layer 
ranges in thickness from 1 to 2 m. 
magnetite 
chert 
magnetite 
cl!lnmingtonite 
fayalite 
hypersthene 
pyroxene 
amphibole 
chert 
A This unit is the uppermost unit of the calcite 
Biwab:Lk Formation. It consists of a 
coarse-grained calcite and is typic-
ally described as marble. This layer 
ranges in thickness from 2 to 3 m. 
marble 
siderite 
minnesotaite 
ferroan-
hypersthene 
stilpnomelane 
cum1ningtonite 
actinolite 
chert 
pyrite 
NETHODS 
The carbonate minerals of the Upper and Low'C:r Che.rty ~·1embers are 
the n:aj or topic of this paper. The detennination of carbonate: minerals 
was made from thin section, by x-ray diffraction, by cherdcal anB.lysis, 
and by electron microprobe data (Figure 3). 
More than four hundred samples were x-rayed with a Philips high-
angle diffractometer using Cr filtered, Fe k-alpha radiation for the 
determination of carbonate minerals present. The samples were scanned 
from 26 to 42 degrees two-theta. One hundred and forty samples were 
thin-sectioned to determine the occurrence of carbonate mineral types. 
Two hundred samples were chemically analyzed for CaO, MgO, and total 
CO2 and were used in the interpretation of the data obtained by the 
thin section and x-ray studies. 
The samples to be x-rayed and chemically analyzed came from 
stored diamond-drill core and from pit samples collected on a grid 
pattern in th2 pit areas (Figure 4). The thin-section samples were 
taken from the pit samples collected on the grid pattern and .from 
seyeral drill cores. 
The data from the x-ray study was used to determine the con-
centration of each of the five major minerals (quartz, magnetite, 
siderite, ankerite and calcite) present in the sample. The concen-
tration was determined using the method employed by Karner (1968). 
The cl-spacings in Angstroms of each of the minerals were: quartz, 
3.34; magnetite, 2.97; siderite, 2.79; ankerite, 2.89; and calcite, 
14 
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Fig. 3.--Photograph of interbedded carbonate and magnetite-
rich chert in outcrop. Sample taken from Erie Area 1. Bar is 0.5 m 
long. 
16 
17 
Fig. 4.--Locatio:ns of drill hole and pit samples from Area 1, 
page 18; Area 6, page 19; Area 3, page 20; and Area 2-~est, page 21. 
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of the ,;vere deterrnined 
to the following (Karner, 1968): 
~vhere 
X' I1 ]JS'~ 1 = 
(I1)o -µ11< 
Xl = weight fraction of component 1, 
µl* = mass absorption coefficient of component 1, 
µsi< = mass . absorption coefficient powder sample, 
I1; intensity diffracted at a definite Bragg angle two-
theta by a crystalline component 1, and 
(I1 )o= intensity diffracted at a definite Bragg angle two-
theta by a pure crystalline component 1. 
In this method the intensity of a major diffraction peak for a mineral 
is used to determine the abundance of.that mineral in the sample. This 
value is corrected for mass absorption·effects. A computer program was 
used for the calculation of the mineral abundances. 
To test the accuracy of the x-ray determinations, three samples 
were selected that had been both x-rayed and thin-sectioned. A 500-
point count ·was made on the thin sections, the results converted to 
weight percentages and compared with the results obtained by x-ray 
diffraction (Table 1). 
The difference between x-ray and point-count determination of 
carbonate minerals ranges from Oto 9 per cent. Quartz and magnetite 
have very small differences in sections 1-21 and 1-30, but, a major 
difference in section 1-45. This dif:Eerence is probably because the 
thin section is not representative of the sample because of differences 
TA.3:.,E 1 
CO}i? .. t\I{ISOZ,J O? l'·1INEJ, .. AL i~EU1·ID.A7:-1CES OBTAI!-IED BY ~X-P~\Y l1fZD 
POBT-COliHT :'.{STHODS 
Section 1-21 
T:1ir1eral Point Count 
-~------
Siderite 15 
Ankerite ll, 
Calcite 1 
Qcartz 26 
Magnetite !f3 
Section 1-30 
Point 
Siderite 23 
Ankerite 12 
Calcite 1 
Quc,.rtz 27 
Hagnetite 37 
Section 1-45 
Mineral Point Count 
--·---- -----·--
Siderite 12 
Ankerite 25 
Calcite 0 
Quartz 32 
Mc.gnetite 34 
16 
23 
0 
26 
47 
x-~ 
20 
15 
0 
32 
43 
X-ray 
13 
24 
0 
49 
15 
in bed thickness and differences in the areas of nineral concentration. 
The aver-<1ge difference in the concentration of minerals in the point-
count and x-ray data is less than 10 per cent in all cases and is 
typically less than 5 per cent. 
To test the precision of the x-ray data five samples ~ere inde-
pendently prepared from one specimen. These samples were x-rayed using 
the conditions pravlously described. The peak intensities for quartz, 
magnetite, and ankerite were compared between the samples. The average 
total differences oec~een each of the rnin~ral is li:-3t'::ci in 
Ta.ble 2. 
TABLE 2 
PRECISIO!\ OF X-RAY DETJZP2'1INATI0l{ OF PE.AX rN~ENSITIES 
Ninera.l 
Quartz 
Hagnetite 
Ankerite 
Average Difference 
in Per Cent 
0.5 
2.0 
1.4 
It is clear that the accuracy of the determination of mineral 
concentration is more critical than the precision of the x-ray data, 
The accuracy of tha concentration differs from 10 to 15 per cent while 
the precision of the peak heights differs fror:i O. 5 to 2 per cent. 
CARBO::TATE · PETROGRAPEY 
Basic 
As noted by French (1972) e.nd ocher authors, a basic problem 
when working with iron formation is a lac:<. of specific definitions, 
The following group of terms will be used as defined by French (1972). 
An original orecipitate designates the material as it was 
deposited from solution. In the case of iron-formation this is con-
sidered to be a series of hydrous iron oxides or iron-silica gels. 
The ternpri:narv mineral designates a mineral that displays 
no replacement of any pre-existing phase. Such minerals may have 
fo:rmed part of the original precipitate or may have developed 
directly from the original precipitate during diagenesis. 
is one that has replaced or altered from 
an existing primary or secondary mineral. 
Siderite is the most abundant carbonate mineral and occurs 
in three forms: microgranular (micrite-like), granular (oolitic), 
and crystalline aggregates (idioblastic or granoblastic, recrystal-
lized) (Dimroth and Chauvel, 1973). 
Hicrogranular siderite is less than 0.005 mm in particle size 
(Di~roth and Chauvel, 1973) and is unbedded. It has much the same 
character as mic.rite. Microgram1lar siderite makes up the entire 
rock in some areas (Figure 5 fA]) and cen1ents siderite granules in 
others (Figure 5 tB]). 
25 
Granular sid2rite occurs as rounded g::ai11..s frorn. 0 .. 005 to 1 L""t.El 
in diameter and is found in zones made up of both siderite ::md 
granul2.s. These zones c.an be 0 enJ."'nt·"d by either . ' sic.er--
ite (Figure 5 [BJ) or fine grained chert (Figure. 5 [CJ). 
Sideri te ·occt.:.rring as cr;,1'stalline aggregates :J is found i~ 
grains that range in size from 0.5 to 2 Illia in diamet~r. The crystall:1-ne 
aggregates (recrystallized) of sideri.te are found in Area 3, ·which is 
near the Duluth Gabbro. These crystalline aggregates are closely asso-
ciated with minerals of the grunerite-amphibolite metamorphic facies 
(French, 1968) . Zones of siderite displaying continuous twinr1ing, 
often with twin plane curved, are characteristic of the crystalline 
aggregates (Figure 5 ID]). 
Siderite is probably the only primary carbonate mineral present 
within the stuclied members. It has the following replacements or alter-
ations (French, 1972): coarse siderite (LaBerge, 1964, p. 1312), mag-
netite (LaBerge, 1964, p. 1319), ankerite add magnetite (LaBerga, 1964, 
p. 1330); (Han, 1972); (French, 1968), ankerite (French, 1968); (Han, 
1972), m.innesotaite (Han, 1972), quartz (Han, 1972), and stilopno-
melane and magnetite (Figure 6). 
Ankerite 
Ankerit~, the second most abundant carbonate mineral, occurs as 
secondary, coarse crystalline aggregates (Figure 7 IA]). It has replaced 
all minerals and forms massive zones that are generally referred to as 
mottled areas. 'Where a.nkerite is present it partly obliterates primary 
granular texture. The only remaining evidence for the granular texture 
is the presence of magnetite outlining former granules. The magnetite 
27 
Fig. 5.--Photomicrographs showing the occurrences of siderite 
as (A) microgranular siderita, page 28; (B) granular siderite 'With 
microgranular siderite cement, page 23; (C) granular siderite with 
chart cement, page 29; and (D) crystalline aggregates of siderite 
(recrystallized), page 29. Bar is 0.3 mm. long. 
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A 
B 
D 
30 
6. --Pl:.otomic:rographs showing the alteration or replacement 
of siderite to (A) recrystallized siderite, page 31; (B) Magnetite, pa~ 
31; (C) ankerite and magnetite, page 32; (D) ankerite, page 32; (E) 
minnesotaite, page 33; (F) stilpnomelane, page 33; (G) quartz, :page 34; 
and (:-I) stilpnonelaue and , page 34) • Bar is O. 3 I:';tl long. 
A 
B 
C 
I 
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rims are formed by the alteration of siderite to magnetite. Thc 3 e :rims 
ter,d to resist the alteration to ankerlte. Ankerite is also cvid,:s~,1- 'in 
many o.f the siderite zones ,there it oc.curs on the oub:,r edges of sider-
ite granules. The ankerite has euhedral crystal form and displays a 
marked difference in color from siderite with crossed polars. Where 
ankerite has formed alteration rims on siderite granules, it tends to 
be less massive and does not obliterate the texture so completely 
(Figure 7 [E]). 
From x-ray or thin-section data ankerite could not be differen-
tiated from dolomite. However, the results of an electron microprobe 
examination showed that no dolomite is present, but large amounts of 
ankerite occur in the iron-formation on the Erie property (Tuttle, 1972). 
Most minerals present can alter to ankerite (French, 1972)) but 
ankerite tends to alter only to magnetite (LaEerge, 1964, p. 1331) 
(Figure 8). 
Calcite 
Minor amounts of calcite are found in most areas of the Erie 
property. The calcite occurs in large fractures and fault zones. 
Calcite veins tend to cut across all minerals~ giving strong evidence 
for a later introduction of calcite. It occurs as distinct grains in 
small fractures in the rock material (Figure 9). 
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Fig. 7.--Photomi,crographs showing the occurrences of ank.erite 
as (A) crystalline rhombs; and (B) alteration· rims on side:r.:ite gran-
ules. The ba~ is 0.3 mm long. 
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A 
B 
j- n v 
Fig. 8.--Photomic.rograph showing ankerite altered to or replaced 
by magnetite. The bar is 0.3 mm long. 
39 
Fig. 9.--Photomicrograph showing a calcite vein. The bar is 
1 :rrm1 long. 
41 
DIFFER&\!CE IN CONCENTR ... l\.TIO:; OF CARBONATE MINERALS 
To determine the lateral and vertical differences in concentra-
tion of carbonate, £our layers were selected from each of the cherty 
members. The layers selected are the principle ore producing layers 
at Erie. The U, T, S, and R layers were selected from the Lower Cherty 
Member and the L, K', K, and J layers from the Upper Cherty Member. 
The amount of each of the five major minerals found in each of the 
samples as well as total co2 , MgO, and CaO is given in the Appendix. 
These data are used in Figures 10 and 11. 
Lmver Cherty Member 
In the Lower Cherty Member, siderite concentration ranged from 
0 to 15 weight per cent. Vertically, the concentration of siderite was 
as follows. The U layer has the highest concentration of siderite and 
the Slayer is the next highest (Figure 10). The T and R layers gener-
ally have smaller amounts of siderite. The lateral differences in 
siderite concentration were minor with one exception. The samples 
from Area 3 had a much higher relative concentration of siderite to 
ankerite 'With a decrease in total amount of siderite. Paralleling 
this marked decrease in total siderite is an increase in the total 
magnetite concentration in Area 3. 
Ankerite ranges from 1 to 25 per cent concentration in the 
Lower Cherty Member. Vertically, the ankerite concentration remains 
constant throughout the member. Laterally, the ankerite shows small 
42 
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Fig. 10.--Triangular diagrams showing vertical and lateral 
changes in the concentrations of siderite, ankerite, and calcite in 
the U. T, S • and R layers of the Lmver Cherty Member. 
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differences in concentration in Areas 1 and 6, but iu Area 3 the anker-
ite concentration is markedly lower. 
In theLow~r Cherty Member the calcite concentration remains 
nearly constant at O ·to 1 per cent. Vertically, the concentra:tion of 
calcite is constant from the top to the bottom of this member. Later-
ally, the concentration of calcite increases where large fractures and 
faults were crossed. This increase is evident in.Areas 3 and 6, where 
large fracture systems cross· the formation. 
Upper Cherty Member 
In the Upp~r Chert'y Member the siderite concentration ranges 
·from 2 to 49 per cent. Vertically, the changes in concentration of 
siderite is as follows. The K' layer has the greatest concentration 
of siderite and .the L :J,.ayer is nearly as high. _The l<. and J layers 
have much le~s siderite th~n the K1 and L layers. Late.rally, very 
little. ·change in concentration "7as noted in the siderite conten·t of 
t:his member (Appendix) . 
Ankerite .ranges, from-.0 to. s8 per cent" in the. Uppe;c Cherty 
Member. Vertically, the change in concentration of ankerite 
decreases with depth. The J layer has_ the: highest concentration 
of ankerite and the L layer has the least, although local rever-
sals in this trend can be found. Laterally, ankerite decreases 
toward the southern edge of Area 2-west (Figure 11), 
The concentration of calcite in the Upper Cherty Member 
.ranges from O to 10 pet cent. Verti-::ally, calcite showed no con-
stant (!hange in concentration. Laterally, the calcite concentra-
tion increases toward, the more highly fractured, southern edge 
of Area 2-west. 
SIDE RITE 
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Fig. 11.--Triangular diagrams showing the vertical and lateral 
changes in the conc-entrations of siderite, anker;ite, and calcite in 
the L, K', K, and J layers of the Upper Cherty Member. 
INTERPRETATION O:E' CEA)TGES IN CARBONATE 
CONCENTRi\.TION AND OCCURRENCE 
According to James (1954, 1966)· environments of deposition of 
iron-formation can be divided into four geochemical facies (oxide, 
silicate, carbonate, and sulfide). Each of these facies is defined 
geochemically on the basis of Eh and pH conditions at time of deposi-
tion. Each facies is now re£lected by a distinct mineralogy~ 
Each facies is related to depth of water and oxygen content of 
the water at time of deposition. The oxide facies formed in the shal-
lowest water with the highest concentration of oxygen, while the sul-c 
fide facies fonned in the deepest ·water with the lowest oxygen content. 
The oxide facies is thus considered to have been deposited in a shallow 
marine en11ironment, rich in oxygen. Hematite and magnetite are the 
major minerals. Deposited in a slightly deeper marine environment than 
the oxide facies, the silicate facies is characterized by the primary 
silicates, greenalite, chamosite and quartz.: This racies may slightly 
overlap the lower portion of the oxide facies. The depositional envi-
roruaent of the carbonate facies occurs in slightly deeper water (marine) 
with a lower oxygen content than the silicate facies. A large part of 
this facies overl.s.ps the silicate facies. This environment of deposi-
tion is characterized by a large content of carbon dioxide and reduc-
ing conditions. This facies is now indicated by the presence of 
siderite. The sulfide facies is considered to have formed in deeper 
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marine conditions than the carbonate facies, The environment of depo-
sition of this facies is characterized by extremely reducing conditions 
with a very low content of oxygen. Pyrite and pyrrhotite are char2.c-
teristic of this facies in the rock. 
The. Uppe:;;; and Lower Cherty Nembers ·were deposited in the ovar-
lapping boundary between the carbonate and silicate facies, This is 
indicated by the large concentrations of primary carbonate minerals in 
close association with primary silicate minerals. 
Siderite 
Siderite is the only primary carbonate mineral. Therefore, it 
is the only carbonate mineral that reflects changes in the environment 
of deposition of the Upper and Lower Cherty Members. Microgranular and 
granular siderit-e are considered to be the primary forms of the mineral, 
whereas the crystalline aggregates siderita formed much later in the 
history of the rock. 
Microgranular siderite was deposited in an envirorunent with 
very little agitation. It formed directly as part of the original 
precipitate (a series of hydrous iron oxides or iron-silica gels). 
and during diagenesis. 
Granular siderite (oolitic) formed under the same conditions 
·as:micrograuular siderite, but in a:n.·enviro:nment·with more agitation. 
This agitation resulted in the·formation of granules, as well as some 
mixing with the shallower silicate facies. The concept of :mixing can 
explain the occurrence of quartz and siderite granules together. 
Crystalline aggregates of siderite are secondary after prima.ry 
microgranular and granular siderite. Crystalline aggregates of 
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siderite are found only within th~ grunerite-amphibolite metamorphic 
facies as defined by French (1968). This facies is related to the 
intrusion the Duluth Gabbro. The boundary of the facies, as 
defined by French (1968), is approximately 1 mile from the contact 
of the Duluth Gabbro and the Biwabik Formation accounting for the 
fact that crystalline aggregates of siderite are found only in Areas 
3 and 2-west. 
The vertical differences in concentration of siderite in the 
layers of interest are probably related to variations in Eh and pH of 
the depositional environment. These changes in Eh and pH caused dif-
fering amounts of the silicate, oxide, and sulfide facies minerals to 
be deposited. The lateral differences in concentration of siderite 
are probably related to the intrusion of the Duluth Gabbro, which. 
caused siderite in Area 3 to be converted to magnetite. 
Ankerite 
Ankerite is always a secondary mineral in the Upper and Lower 
Cherty Members. The ankeritization of these members appears to have 
taken place in two distinct episodes. The occurrence of ankerite as 
alteration rims on siderite granules is considered to be the earliest 
period of ankeiitization. Since the ankerite rims occur within the 
granule boundaries it appears that the ankerite formed prior to 
cementation of the granules~ or early.in the epigenetic history of 
the rock. Ankerite in large, distinct rhombs is considered to indi-
cate the second episode of ankeritization. This period of ankeriti-
zation is believed to have occurred late in the epigenetic history 
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of the rock. The evirlence for this is the alteration or replacement of 
many primary and secondary minerals to this form of ankerita. 
Vertically, the increase in concentration of anke.ri te ·with 
depth·in the Upper Cherty Member may be related to the stratigraphic 
position of the layer. This could reflect either a ground water or 
weathering effect related to the exposure of the upper contact:. of the 
Biwabik Formation. Late.rally, the marked decrease in ankerite in 
Area 3 and 2-west accompani.ed by a marked increase in magnetite prob-
ably indicates that a large amount of ankerite altered to magnetite, 
with the intrusion of the Duluth Gabbro. 
Calcite 
Calcite occurs as coarse-grained aggregates. It shows no con-
sistent changes in occurrence within the study area. The difference 
in concentration vertically and laterally appear to be related to 
large fracture zones in Areas 3 and 6. 
CONCLUSIONS 
The carbonate minerals in the U;;iper and Lower Cherty Members of 
the Biwabik Formation are predominantly siderite and ankerite. Small 
amounts of calcite occur throughout the property. 
Siderite occurs in three forms: microgranular, granular 
(oolitic), and crystalline aggregates (recrystallized). The micro-
granular and granular siderite formed with the original precipitate 
(a series of hydrous iron oxides or iron-silica gels) and during dia-
genesis of the original precipitate. The crystalline aggregates of 
siderite formed as a result of the intrusion of the Duluth Gabbro. 
The siderite was altered to or replaced by several minerals, but the 
greatest a.mount was replaced by magnetite. 
The alteration of siderite to magnetite appears to be the 
major cause of the pellet-quality problem at Erie. When the sider-
ite altered to magnetite, fine grains of euhedral magnetite formed. 
These extremely small grains of magnetite cannot be separate from 
the siderite by the crushing and the magnetic separation process. 
Small amounts of siderite are separated magnetically with the mag-
netite. When the magnetically separated naterial is made into pel-
lets some siderite is still present_ in·the_pellet. When the pellet 
is roasted, in the high temperature furnace, the siderite breaks 
do·wn and carbon dioxide is lost. This loss of carbon dioxide 
causes the pellet to disintegrate. 
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Ankerite is a secondary mineral formed by the alteration or 
replacement of magnetite, siderite, minnesotaite., and quartz. Ankerite 
occurs as alteration rims on siderite granules and as large rb.ombic 
crystals. The alteration rims are believed to be related to a period 
of ankeritization early in the epigenetic history of the rock. The 
rhombic crystalline form of ankerite is related to a period of ankeri-
tization much later in the epigenetic history. The rhombic crystalline 
form of ankerite tends to obliterate the primary texture of the rock. 
The only replaca~ent of ankerite is by magnetite. 
Calcite is present throughout the area ·with highest concentra-
tions found where large fracture and fault systems cross the formation. 
Calcite appears to have been introduced into the rock much later than 
either siderite or ankerite. 
The Upper and Lower Cherty Members of the Biwabik Formation 
were deposited in the environment of the silicate and carbonate facies 
(James, 1966). The deposition of the rock material within these facies 
is summarized in Figure 12. The deposition required a high content of 
carbon dioxide and reducing conditions (Figure 12). 
According to Castano and Garrels (1950), iron-oxide hydrate is 
precipitated und~r o~idizing conditions. For siderite to be precipi-
tated the electron potential must be.below the "hematite-siderite 
fence" and reducing conditions must be present (Dimroth and Chauvel, 
1973). The close association of primary carbonate minerals 'With pri-
mary silicate minerals in the Upper and Lower Cherty Members indicates 
a depositional environment with the characteristics of the overlap 
zone between the silicate and carbonate facies as defined by James 
(1966). 
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Fig. 12.--The precipitation and deposition of carbonate materi~ 
in the Biwabik Formation (modified from Dimroth and Chauvel, 1973). 
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The formation of the carbonate minerals took place early in the 
history of the rock. The siderite formed with the original 
or in Ankerite formed soon after diagenesis in t,·10 
the first in the history of the rock and the other late 
in ep:i.genesis. Before th:: intrusion of the Duluth Gabbro the carbonate 
distribution was constant throughout the study area. 
the intrusion of the Duluth Gabbro, large amounts of siderite were 
altered or replaced to magnetite, crystalline aggregates of siderite, 
stilpnomelane, minnesotaite, and other complex silicates, whereas large 
amounts of ankerite were altered to magnetite. The extent of this 
alteration or replacement is directly related to the closeness of the 
rock material to the contact of the Duluth Gabbro. The carbonate min-
erals were little effected on the western edge of Areas 1 and 6, moder-
ately altered in Areas 3 and 2-west, and completely altered or replaced 
in Area 8. 
Therefore, it appears that the carbonates of the Upper and Lower 
Cherty Members of the Biwabik Formation can be used as indicators of a 
reducing anviro:nment. of Deposition rich in carbon dioxide. The carbon-
ates can also be used as indicators of the amount of metamorphism caused 
by the intrusion of the Duluth Gabbra. 
The carbonates of the Upper and Lower Cherty Members are impor-
tant in the interpretation of the depositional environment of iron-
formation in the Precambrian of Northern Minnesota. Within this study 
many important of the carbonates had to be ignored to remain 
within the scope of the problem. Further study should be directed 
toward the sedimentary textures and structures found within the for-
mation. Also of importance are the geochemical aspects of iron-
formation and the carbonates. 
APPE.i.'IDIX 
1IBIGHT PERCENTAGE FOR SA!v!PLE INTERVAL 
TABLE 3 
WEIGHT PERCENTAGE FOR SAMPLE INTERVAL 
--~-4--,..:;:;::;;:;:_ 
·-
Depth 
Sample in Jleet Cao MgO CO2 Side:i::ite Ankerite Calcite Quartz Magnetite 
1448 0-25 1 2 3 5 5 1 50 25 
25-38 4 1 5 2 8 I 52 36 
36-63 2 2 3 2 5 0 49 ltO 
63-91 2 2 6 6 5 1 49 29 
1452 0-25 2 2 4 5 3 1 48 22 
25-48 4 2 5 5 11 0 48 32 
48-64 3 0 5 4 10 0 48 40 
64-89 2 2 5 7 6 0 50 29 
u1 
1468 0-35 3 2 7 4 5 0 ff6 22 
0) 
35-61 4 I 7 2 6 1 48 32 
61-82 3 2 5 4 5 0 50 25 
82-103 2 2 6 6 6 I 49 25 
1471 33-41 2 3 0 48 27 
Lfl-74 0 0 2 4 2 0 64 22 
74-94 0 0 1 2 3 0 58 32 
9l1-ll6 0 0 1 6 3 1 tfli 22 
1570 0-10 2 1 5 " 3 0 49 23 4
10-31 4 2 8 4 8 0 45 32 
31-56 3 2 6 6 6 0 48 40 
56-81 2 2 7 9 5 1 48 32 
1594 0-17 1 2 5 7 5 0 54 29 
17-32 4 I 6 4 11 0 52 40 
32-54 3 2 6 6 8 0 52 LiO 
TABLE 3--Continued 
= 
Depth 
Sample in Feet cao MgO CO2 Siderite Ankerite Calcite Quartz Magnetite 
1647 52-66 0 0 6 13 3 0 65 25 
66-84 1 0 6 11 3 0 58 40 
84-109 3 1 5 4 6 0 li3 32 
109-138 2 1 6 7 6 0 47 32 
1651 122-lLfO 3 1 7 6 8 1 53 29 
140-160 4 2 7 4 8 0 41 32 
160-185 2 2 5 6 6 0 50 40 
185-204 2 2 6 9 6 1 44 29 
1660 35-42 2 2 5 L, 5 0 48 lf0 
42-69 2 2 6 4 5 0 l,1 29 lJ1 '-0 
1679 1-17 1 1 4 6 3 0 64 32 
17-34 0 0 4 7 1 0 59 29 
34-60 1 1 4 7 1 0 51 l13 
60-86 l 1 5 7 2 0 li2 25 
6052 0-35 2 3 4 7 6 0 52 32 
35-50 7 3 0 50 32 
6062 26-37 2 3 0 32 18 
37-71 0 1 4 9 15 0 56 25 
6105 121-139 3 2 5 4 5 0 43 29 
139-152 4 1 6 6 5 0 ltl 36 
152-175 2 l 4 2 5 0 44 32 
175-197 3 2 4 4 10 0 lt8 L,O 
'l'ABLE 3--Co_!ltinueE. 
::::::.,;:,,,.::_---
- ----~===-=--=-~---··--·~ 
Depth 
Sample in Feet CaO MgO CO2 Siderite Ankerite Calcite Quartz Magnetite 
6106 25-L.5 2 1 3 9 5 0 .51 32 
45-64 1 0 2 1 0 0 65 18 
6!1-86 3 0 3 4 2 0 50 32 
86-109 0 0 1 4 3 0 54 14 
6173 93-109 2 0 6 2 5 0 52 1.8 
109-129 4 0 7 6 2 0 49 32 
129-167 3 0 5 6 2 0 45 36 
167-185 3 0 6 9 3 0 52 29 
6517 135-146 l 1 4 4 2 0 50 29 0\ 
146-164 1 2 3 0 59 18 0 
164-185 3 1 6 4 6 0 42 29 
185-217 2 2 5 7 9 0 43 25 
6518 126-144 6 5 0 46 25 
144-164 4 8 0 37 32 
164-193 6 6 1 4l1 
193-217 4 3 1 38 25 
3247 50-57 5 2 3 6 0 4 34 25 
57-95 6 4, 1 39 22 
95-110 4 1 1 4 1 0 36 54 
110-130 .5 2 1 11 13 0 31 58 
3360 0-8 3 0 1 11 2 0 32 50 
8-26 6 l 1 1 1 5 55 36 
26-46 4 l l l 0 4 29 L17 
TABLE 3--Continued 
;;:.,-===:::=~=~-.,.....,, 
Depth 
Sample in Feet CaO MgO COz Siderite Ankerite Calcite Quartz Magnetite 
3379 0-5 -5 1 1 0 0 4 26 29 
5-35 4 1 1 7 0 0 26 32 
3455 74-80 5 1 0 6 0 5 29 18 
80-97 4 1 1 4 1 4 31 29 
97-120 4 1 0 7 0 1 21'f 36 
120-138 3 1 0 7 0 0 33 33 
3461 83-93 4 1 0 6 0 0 46 15 
93-107 5 1 0 2 0 0 32 29 O'\ 
107-136 4 1 0 0 0 0 29 lf0 I-' 
136-157 4 1 0 6 0 0 24 29 
3464 99-109 3 1 1 7 0 0 35 18 
109-129 5 1 2 4 0 0 23 32 
129-153 3 1 1 4 0 1 27 36 
153-174 4 1 1 0 1 0 33 36 
3468 85-97 5 2 1 4 3 0 33 22 
97-112 6 2 1 6 5 0 27 25 
112-136 2 1 0 4 0 0 27 22 
136-156 2 1 0 6 3 0 27 36 
2280 23-29 0 0 3 6 5 0 65 29 
29-54 0 1 4 7 3 0 58 18 
54-Blf 1 2 4 9 1 0 57 36 
84-100 1 3 5 13 0 0 48 40 
TABLE 3--Continued 
=. ... .::==-.-;;....--=-=::--
Depth 
SamplC:! in Feet CaO MgO CO2 Siderite Ankerite Calcite Quartz Magnetite 
2.342 87-94 0 0 1 0 11 0 65 4 
94-130 0 0 2 6 2 0 64 if 
130-160 0 0 2 6 2 4 64 2 
160-179 0 1 3 7 5 0 58 32 
2352 44-52 0 1 6 17 3 0 64 32 
52-72 0 3 13 28 0 0 50 15 
72-99 1 2 6 13 0 0 51 
99-134 0 2 4 9 0 0 56 40 
2354 20-54 0 0 1 0 6 0 6lr l o~ f"-1 
54-70 0 0 1 2 2 0 64 l 
70-85 4 2 0 61 18 
85-95 4 3 0 31 40 
2363 75-80 1 2 9 4 5 0 41 14 
80-94 2 4 14 39 8 0 36 11 
94-124 1 3 10 24 3 0 38 18 
124-146 1 3 5 6 2 0 46 41 
2372 26-31 3 1 6 6 8 0 57 36 
31-45 2 4 17 46 6 0 42 12 
45-78 1 3 9 20 3 0 37 18 
78-98 1 2 5 9 3 0 54 40 
2383 90-95 1 l 5 9 2 0 52 36 
95-104 2 4 12 6 3 0 51 32 
104-140 1 3 6 4 6 0 5Lt l13 
140-169 1 3 5 6 0 9 56 36 
TABLE 3--Continued 
,=-.:::;t: 
Depth 
Sample in Feet cao MgO CO2 Siderite Ankerite Calcite Quartz Magnetite 
2437 35-53 2 2 6 4 5 0 57 36 
53-67 2 4 13 30 6 0 40 15 
67-89 1 3 7 20 3 0 41 19 
89-111 1 3 6 9 3 0 47 32 
2440 30-43 1 1 5 15 2 0 37 54 
43-51 1 4 14 41 0 0 31 11 
°' 51-84 1 3 5 28 2 0 3lf 14 w 
84-106 l 2 4 7 2 0 54 43 
2449 4-15 0 2 2 7 3 0 53 14 
15-34 0 2 4 9 0 0 52 40 
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